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Abstract

The problem of the origin of the y parameter in the Minimal Supersymmetric Standard
Model can be solved by introducing singlet supermultiplets with non-renormalizable
couplings to the ordinary Higgs supermultiplets. The Peccei-Quinn symmetry is bro-
ken at a scale which is the geometric mean between the weak scale and the Planck
scale, yielding a p term of the right order of magnitude and an invisible axion. These
models also predict one or more singlet fermions which have electroweak-scale masses
and suppressed couplings to MSSM states. I consider the case that such a singlet
fermion, containing the axino as an admixture, is the lightest supersymmetric parti-
cle. T work out the relevant couplings in several of the simplest models of this type,
and compute the partial decay widths of the next-to-lightest supersymmetric particle
involving leptons or jets. Although these decays will have an average proper decay
length which is most likely much larger than a typical collider detector, they can occa-
sionally occur within the detector, providing a striking signal. With a large sample of
supersymmetric events, there will be an opportunity to observe these decays, and so
gain direct information about physics at very high energy scales.



Contents
1 Introduction 2

2 Singlino masses and couplings in models with an intermediate-scale solu-

tion to the u problem 7
3 Mixing of the singlino with MSSM neutralinos 10
4 Representative results for decays to the singlino 13
4.1 Neutralinodecays . . . . . . . . . . 13
4.2 Slepton decays . . . . . ... 17
5 Conclusions 18

Appendix: Complete formulas for neutralino decay widths including the

effects of arbitrary phases 19

1 Introduction

Supersymmetry (for reviews, see [1, 2]) has the ability to stabilize the hierarchy between
the electroweak and Planck scales. However, the minimal supersymmetric standard model
(MSSM) still requires an explanation for the magnitude of the supersymmetric Higgs mass
parameter g. Assuming that there are no fine-tuned cancellations in the MSSM Higgs
potential, x4 should be of roughly the same magnitude as the soft supersymmetry-breaking
masses. This suggests that p arises as a vacuum expectation value (VEV) which is fixed
by a potential with dimensionful parameters that are in turn determined by supersymmetry
breaking.

Supersymmetry also requires some additional structure in order to solve the strong CP-
problem. The p parameter breaks the Peccei-Quinn (PQ) symmetry [3] that is otherwise
naturally present in the MSSM at the renormalizable level, so it is an attractive proposition
that the dynamics which leads to the p term simultaneously provide for an invisible axion.

Astrophysical constraints on the axion leave open a window [4] from roughly
10° GeV S f S 10" GeV (1.1)

for the VEV of the PQ-breaking field.



In this paper I will consider the phenomenology of a class of models with an invisible axion
[5, 6] of the DFSZ type [6, 7, 8]. In these models, the p term arises from non-renormalizable

terms in the superpotential, for example:

A
Mp

(Here Mp = 2.4 x 10" GeV is the reduced Planck mass, and A, is a dimensionless coupling
which I assume is not much smaller than unity.) The sum of the PQ charges of X; and X,
must be equal and opposite to that of the MSSM Higgs superfields. When the scalar compo-
nents of the neutral chiral superfields X; and X5 acquire VEVs of order f, the approximate
PQ symmetry is spontaneously broken, giving rise to a p term of the right order of magni-
tude and an invisible axion. It is natural to assume that this occurs with X; and X, along a
nearly flat direction in the potential. Then the low-energy degrees of freedom will typically
include a pair of neutral chiral supermultiplets which are mixtures of the original X; and Xs.
One of these contains as its imaginary scalar component the invisible axion of the model,
and its fermion superpartner, the “axino”. In some models, X; and X, are the same field,
so that the axino is the only new light singlet fermion. If X; and X, are distinct, then there
will be another light Majorana fermion “singlino”. The axino and singlino both have odd
R-parity and can mix. They obtain masses which are not much larger than the weak scale
(but might be as small as of order a keV depending on the details of the model [9]). The
upper limit can be understood from the facts that the (mass)? splittings between members
of the same supermultiplet are bounded above by roughly mj /2 the squared gravitino mass,
and the axion is nearly massless.

The axino and the singlino are very weakly coupled to MSSM states, and cannot be
directly produced in collider experiments at any significant rate. However, if either (or both)
of these particles is lighter than all of the MSSM superpartners, then it will be the light-
est supersymmetric particle (LSP) and can appear in decays from ordinary supersymmetric
events.! In this paper I will argue there will be an opportunity in the era after supersym-
metry is discovered to search for and measure the very long lifetime of the next-to-lightest
supersymmetric particle (NLSP) into final states that include the singlino or axino, despite
its very weak coupling.

In order to discuss the phenomenology in a general way, I will denote the relevant axino

'If R-parity is conserved and the singlino or the axino is the LSP, it will be absolutely stable and
could dominate the energy density of the universe too soon. This potential problem can be solved (as in
many similar cases) by invoking a low reheat temperature, at the cost of requiring in addition a low-scale
baryogenesis mechanism. Furthermore, the NLSP decays will safely occur long before nucleosynthesis in the
standard cosmology.



or singlino LSP by S, and refer to it generically as a singlino. It is part of a superfield S. In

the low-energy theory it participates in a superpotential of the form

€ 1
W= u (1 4 ;s) H,Hy+ SmsS? (1.3)
in which
= X)) () (14)
,LL - MP 1 2/ .

and I have introduced a dimensionless coupling parameter

e~v/f (1.5)

with v = 175 GeV, the electroweak scale. (There are also soft mass terms for the scalar
components of S, which will not concern us.) For example, if X; and X, are the same field,
then one can read off from eq. (1.2) that e = 2v/f. For numerical purposes, this paper will
use as a benchmark the value € ~ 107® corresponding to f & (few)x10'® GeV. There is also

a dimensionless, holomorphic soft term in the lagrangian

h
— L3USY breaking = ﬁbX1X2Hqu +c.c. (1.6)
P

where hy, is of order my,. This gives rise to (among other terms) the necessary holomorphic
soft (mass)? term for the Higgs bosons in the MSSM:

— L3USY breaking = 0Hy Hg + c.c. (1.7)

Note that b = hy(X1)(X3)/Mp is of order m%,, as required for proper electroweak symmetry
breaking.

The coupling € and mass parameter mgz parameterize our ignorance of the high-energy
theory. The smallness of € means that S nearly decouples. However, the conservation of
R-parity implies that if the singlino is the LSP, then decays of the NLSP to S will not
suffer any competition and can be observed if they happen within a collider detector. These
decays occur and are potentially observable because the “singlino” S mixes slightly with
the gauginos and Higgsinos, as well as couples directly to higgsino-Higgs pairs. In that
sense, these models are similar to the well-studied [10]-[15] “next-to-minimal supersymmetric
standard model” (NMSSM) [16]. The differences include: the extremely small magnitude
of €; the fact that the field S does not obtain a VEV; the absence (or at least weak-scale
phenomenological irrelevance) of an S term in the superpotential; and the presence of a tree-

level supersymmetric mass term for S. Nevertheless, it is useful to compare the situation
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under study here to a very weakly coupled limit of the NMSSM. Indeed, the possibility of
macroscopic decays involving a singlino have already been noted in ref. [15], but considering
larger couplings (effectively € 2 107%) and for smaller values of myz appropriate for LEP.

If the NLSP is the lightest of the ordinary MSSM neutralinos Nl, then it can decay

according to
N, — ffS (1.8)

through virtual sleptons and squarks and virtual or on-shell Z bosons and Higgs bosons.

The decay width is estimated very roughly by

16N1 lew/v]? x (suppression factors). (1.9)
m

T~

The suppression factors include the effects of electroweak couplings, mixing angles, kinematic
suppressions, and (if the mediating boson is not on-shell) three-body phase space. Without
these effects, the rough estimate (for mg ~ 100 GeV and |eu/v| ~ 1078) would be of order
1 meter ! for I'.

After including the suppression effects in realistic models, we will find that when N, is
allowed to decay through an on-shell CP-even Higgs boson h°, the inverse decay width is of
order meters or tens of meters. Of course, the decay N, — RS may not be kinematically
allowed. In that case, there may still be allowed decays N; — Z°S. These are typically fur-
ther suppressed by a mixing angle, because the singlino must mix with the MSSM higgsinos
in order to couple to the Z boson. Nevertheless, we will find that these mixing angles are
typically large enough so that the inverse decay widths can be of order hundreds of meters.
Finally, it may be that myg, —mg < mz. In that case, there can still be three-body decays
N, — ffS through virtual sleptons, squarks, and the Z°. (Decays through off-shell Higgs
bosons can also occur, but are typically very small because the MSSM Higgs boson widths
are tiny unless they are heavy.) If the Z boson is far off-shell, then with the usual model
prejudices that sleptons are much lighter than squarks one finds that the smallest inverse
decay widths are for £+¢~ S final states, and can be of order tens of kilometers. (All of these
results assume € ~ 1078 and the decay widths must be scaled with €2.)

The majority of decays Ny — f S will evidently occur well outside of a typical collider
detector. However, with a significant number of supersymmetric events available, a small
but finite fraction will occur inside the detector where the displaced secondary vertex can be
distinguished. Since the decaying N and the resulting S are invisible, the experimental sig-
nature will involve an energetic lepton-antilepton pair or dijet pair with a significant opening

angle appearing “from nothing” (with no corresponding charged particle track pointing back



to the interaction point) at a common point. This determination could be accomplished
within the inner tracking volume of a detector, but might also be possible and perhaps even
easier to distinguish if the decay occurs farther from the beam pipe. Thus, decays occurring
within a meter to several meters from the interaction point could be a striking, if rare, signal.

At the Large Hadron Collider, the number of supersymmetric events expected per year
with a low luminosity option of 10 fb~!/year can be roughly of order a few thousand to
a few million or more for 200 GeV > mg > 50 GeV. (This assumes m; ~ mg =~ Tmg ;
of course this is quite model-dependent.) Every event gives two possible NLSP decays.
Therefore one can aspire to detect rare decays with widths as long as hundreds of kilometers
by searching within the supersymmetric event sample [17]. In the limit of small decay
widths, the probability that a particular N, — FfS decay will occur within a distance L of

the interaction point is given by
P(L)~ LT'/B~ (1.10)

where I' is the invariant partial width for that decay channel. Supersymmetric events will
be “tagged” by the other particles from the sparticle decays and the presence of large F .
Since the slowly decaying N, will be massive and not ultrarelativistic, one can use timing
information together with the pointing information from the tracking detectors and drift
chambers and perhaps vetoes from the muon system to eradicate backgrounds from cosmic
rays and other sources. There have also been proposals motivated by gauge-mediated su-
persymmetry breaking models and by neutralino decays to axino and photon [18] to build
special detector components and instrumented tunnels to aid in the search for very slow
decays [19, 20]. At future ete™ linear colliders, supersymmetric event rates are smaller, but
the two-body decays mentioned above might occur often enough to be detected. The signal
is somewhat more problematic at future runs of the Fermilab Tevatron collider, since the
total supersymmetric event rates are likely to be considerably smaller. In this paper, I will
simply remain optimistic and choose to present results for decay partial widths down to as
small as (1000 km) !

In these models, there are also singlet scalars S within the same supermultiplet as S,
These very weakly coupled scalars have masses of order my, (or, in the case of the invisible
axion, essentially 0). However, decays like N, SS depend on couplings that are effectively
doubly suppressed by e. Other decays involving only singlet scalars always have competition
from ordinary unsuppressed MSSM decays, and so are not relevant for colliders.

The rest of this paper is organized as follows. In section 2, I examine some specific models
which realize the idea outlined above. Section 3 discusses the couplings and mixings of the

singlino/axino, and the relevant decays. Some representative numerical results for decays
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to the singlino are presented in section 4. Section 5 contains some concluding remarks. An
Appendix contains complete formulas for decay widths, including the effects of arbitrary
phases.

2 Singlino masses and couplings in models with an
intermediate-scale solution to the u problem

Let us consider several models which realize the basic idea outlined in the introduction. The
magnitude of f ~ (X ) is (up to dimensionless couplings) the geometric mean of the Planck
scale and the weak scale in order to agree with eq. (1.1). One way that this could happen
is if the soft supersymmetry-breaking (mass)? of X; is driven negative at an intermediate
scale. More generally, X; and X, correspond to a nearly-flat direction in the potential, so
that dimensionless supersymmetry breaking terms involving X; and X, will always favor a
non-trivial minimum at an intermediate scale. The key things we want to show are that
these models generically contain one or more singlet fermions which have electroweak scale
(or smaller) masses, and couplings that are of order v/f (with possible enhancements) to
the MSSM Higgs fields.

For example, suppose that the superpotential contains, in addition to eq. (1.2), a term

Ax
W=-_"—-X X} 2.1
6Mp 12, ( )
as in [8]. This fixes the PQ charges of the superfields, ensuring the presence of an invisible
axion provided that no other terms break the PQ symmetry. Here Ax is a dimensionless
coupling which is assumed to be of order unity. The supersymmetry breaking Lagrangian

must then include
— LSUSY breaking = m3| X1)? + m3| Xa? — —— (X1 X3 +c.c.) (2.2)
P

where hx is a mass parameter of order the electroweak scale and has been taken to be real
and positive without loss of generality. A nontrivial global minimum will exist provided
e.g. that m? is negative at the scale of the VEV. However, it is important to note that this
is not necessary. The presence of a holomorphic coupling hx always favors spontaneous
symmetry breaking at an intermediate scale. So VEVs for X; and X, can arise from a
negative squared mass, and/or an hx which is sufficiently large [21, 2|. In any case, (X)
and (X5) are of order (my Mp)'/? ~ 10'° GeV, which is naturally within the invisible axion

window.



Let us parameterize the VEVs of X; and X, by an overall magnitude f and an angle
®, so that (X;) = fcos¢ and (X5) = fsin¢. Now expand the fields around their VEVs to

obtain low-energy supermultiplet degrees of freedom Sj, Ss:
X1\ cosqu) ( cos 6 sin9>(51>
(X2>_<sin¢ f+ —sinf cosf )\ Sy /)" (2:3)
By requiring that the superpotential masses for the fermions S; and S, derived from eq. (2.1)
are diagonal, one can solve for the mixing angle # in terms of the VEV angle ¢, with the
result § = ¢/2. [This typically does not diagonalize the axion and other light scalar masses,

and depends particularly on the choice of eq. (2.1).] The resulting masses and couplings for
51 and 52 are then found to be

o Xf2 _ v cos /2 B sing/2\

"5 T oMy sing (cosg — 1) 5= f ( cos ¢ sin ¢ ) ’ (24)
2 i 2 2

mg, = 2;} sin ¢ (cos ¢ + 1); €5, = % (Sl(:l(l);zﬁé5 N CZiSn¢(£ ) ‘ (2.5)

[Compare eq. (1.3).] The scale f and the angle ¢ could also be computed, in principle, in
terms of the parameters in the soft supersymmetry-breaking Lagrangian eq. (2.2) and the
superpotential. The same parameters also determine the soft scalar mass of the saxion and
other scalars with electroweak scale masses. However, these will not play any direct role in
this paper, so I will not do this explicitly, and I will treat f and ¢ as free parameters.

One interesting limit is that of small ¢ (i.e., (X3) small compared to (X3)), in which the

mass eigenstate S; is the axino. Then one finds that, up to phases,

)‘sz .. 3 (%

mgl = ﬂ Sin ¢, E:‘S‘Jl = ﬂ, (26)
)\sz . v

mg, = . sin ¢; €5, = Fong’ (2.7)

Note that both masses become small in this limit. The coupling ez must grow like 1/sin ¢
in this parameterization in order for 1 to not become much less than v. (LEP has not
discovered a higgsino.) Another interesting limit is ¢ = 7/4 (VEVs of equal magnitude),

resulting in

Axf?
Axf?,
ms, = 0.605—; ez, = 1.850/f, (2.9)



again, up to phases. Both S; and S, have masses that are roughly of order the electroweak
scale. In general they each contain an admixture of the axino. It is interesting to note that
Img |/(Axf?/Mp) < 0.1 over the whole range 6 < m/4. So it is not unlikely that one or both
of S7 and S5 is lighter than all MSSM sparticles.

Other models can be obtained by choosing superpotentials

A A
W = ﬁxlxg’ + sz X2H,H,, (2.10)
as in ref. [22], or
Ax 3 My
W = MXlXQ + 2MPX1Hqu. (211)

In both of these cases, the diagonalized singlino masses are still given as in eqgs. (2.4) and
(2.5), since they only depend on the Ay term in the superpotential. However, the couplings
are modified to, respectively: and

2usin /2 __ 2vcos¢/2

=7 = "= 2.12
51 fsing ' %" fsmg (2.12)
for eq. (2.10), and
2v cos ¢/2 2usin ¢/2
o . __ Zvsing/2 2.1
51 fcosg ' 5, fcosg (2.13)

for eq. (2.11).
Another similar model is obtained by assuming a different form of the Ax term used to
stabilize the potential at large field strengths:
43’4; XX+ 2;;10 X?H,H,. (2.14)
Again using the mixing parameterization eq. (2.3), one finds in this class of models that now
0 = (1/2) tan~'(2tan 2¢) in order that S; and S, are mass eigenstates. In terms of the VEV
angle ¢, we find:

W =

2
mg = Zﬁp [1—cos2¢\/1+4tan22¢]; (2.15)
1/2
V2v |- 1 -|/
65:1 = 1+ ;
feosé | 1+ 4tan26 ]
Ax f?
mg, = 4’;413 [1+cos2¢\/1+4tan2 2¢]; (2.17)
1/2
V2v 1 1 /
€3, = - )
52 fcosg 1+ 4tan?2¢

9
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(2.18)



up to phases. In the limit ¢ — 0, one finds

3)‘Xf2 . 2?}

mg = 2y sin? ¢; €5, = 7; (2.19)
Ax f2 4

mg, = %; €5, = TU sin ¢, (2.20)

which features a parametric suppression in the mass of S;. In the case of equal VEVs

¢ = m/4, one obtains instead

Ax f? 2v
o . L 2.21
S0 AMp = f (2.21)
3\x f? 2v
mg, = iy ; €3, = 2 (2.22)

Finally, the limit ¢ — 7/2 (i.e., (X;) small compared to (X5)) yields a very light S, and a

relative enhancement of the S; coupling:

Ax f? 2v
~ — . ~ = = 223
"5 2Mp’ 51 fcosd’ (2.23)
3)‘Xf2 4v
mg = 20, cos? ¢; €5, = 7 (2.24)

There are clearly many possible more complicated variations on these models; for exam-
ple, schemes with more than two fields X; participating in the PQ-breaking and u-generating
dynamics (see, for example, ref. [23]). It is also possible to have a scheme in which there is
only one field X, which obtains a VEV at an intermediate scale below where the soft mass
term m% runs negative. This corresponds to the ¢ — 0, \x — 0 limit of eq. (2.14) with
S, removed, so there is just a light axino with e = 2v/f. The essential features of all these
models are that they contain one or more singlino fields, with couplings naively of order
v/ f but which can be significantly enhanced, and which can easily be lighter than all of the
MSSM odd-R-parity sparticles.

3 Mixing of the singlino with MSSM neutralinos

As shown in the previous section, one or both singlino mass eigenstates S; or S, can be
lighter than all MSSM sparticles. In this section, I will consider the relevant mixings and
couplings of such a singlino to the MSSM states, and the ensuing decay partial widths. I

will use S to refer generically to either 51 or 52.
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The properties of the singlino are determined by the superpotential eq. (1.3). At tree
level, there are singlino-higgsino-Higgs boson couplings. Other couplings, including singlino-
fermion-sfermion and singlino-higgsino-Z boson, arise due to singlino-gaugino and singlino-
higgsino mixing. In order to discover the couplings of the S to the physical MSSM states,
one must diagonalize the the 5 x 5 neutralino mass matrix. In the (S, B, W°, HY, H?) basis,

it is given by:

mg 0 0 —€[LSg —€picg
0 M, 0 —CgSw My  SgSw My
M®) = 0 0 M, cgewmy  —sgewmy |, (3.1)
—€USg —CgSw Mz  CgCw My 0 —
—€lcg  SgSw Mz  —SgCw Mg — 0

where sg, cg stand for sin 3, cos 8, and sy, cw for sin @y, cosfy . In the following, I shall
take mz to be real and positive without loss of generality. This allows € to have an arbitrary
phase. Now, the off-diagonal terms proportional to € can be treated as a perturbation.
Therefore, our procedure is to first diagonalize M® the lower right 4 x 4 mass sub-matrix.

This is accomplished with a unitary matrix Z;; (¢,j =1, ...,4) according to:
* 4) r7x
Zilegl)Zjl = 5ijmﬁj- (3.2)

Here the masses m ¥, are real and positive; this can always be done, regardless of the relative
complex phases of u, M; and M,. To the lowest order in a perturbative expansion in ¢, the
singlino S is a mass eigenstate, and the ordinary MSSM neutralinos have the same masses
that they would have had if S were absent. I will choose an ordering scheme such that
S = Ng, with mz = myg, < mg <mg <mg <mg,.

The full 5 x 5 neutralino-singlino mass matrix can then be diagonalized according to

* 5 *
iles(:l)le = diymy. (3.3)

where now 4,5 = 0,1,...,4. To lowest order in a perturbation in €, one finds that Nygy = 1
and N;; = Z;; for 4,5 = 1,2,3,4. So one can write

1 Ny
Ny = ( N Zz_’?) . (3.4)

The neutralino-singlino mixing elements can be determined in terms of the 4 x 4 Z;;, the

mass eigenvalues, and the parameter e:

4
Noj = Y. Zu|e* wimy (s9Zks + caZaa) + epmig(spZis + caZi)| /(m% —m%);  (3.5)
k=1

(3528 + caZiy) + € w'm(spZia + csZu) | [ (%, — m%). (3.6)

Ny = —[Eﬂmﬁ. N, S

(2
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(Again, nothing has been assumed here about the complex phases of the parameters M,
M,, o and e.) This expansion is an excellent approximation because |e| is very small. In
particular, one can check by numerical diagonalization of eq. (3.1) that the perturbative
result is very accurate unless the denominator m%l - m% in egs. (3.5) and (3.6) is tuned to
0 to an extreme accuracy (comparable to |eumz]), in which case the decay widths studied
below are completely negligible anyway.

The relevant neutralino and singlino couplings for low energy phenomenology are all
contained in the five eigenmasses mg, and mg (for which corrections proportional to e are
negligible) and the neutralino mixing quantities N;; and No; with (i,j = 1,...,4). The
decay rates with a singlino in the final state can now be worked out, as in the NMSSM [12].
I present formulas for the relevant widths in an Appendix, taking care to allow for possible
arbitrary phases in the neutralino mixing matrix and in e. In general, the phase of ¢ could
be anything, since it is not constrained by low-energy experiments on CP violation and is
not necessarily correlated with the phase of . Because the results might be useful for other
problems, I will provide the general results for a decay involving N; to ]A\f}; the case needed
in this paper is obtained by simply taking ¢ = 1 and 7 = 0. Numerical illustrations of these
results will be given in Section 4.

The necessary coupling for the decay
Ny — h°S (3.7)

arises directly from the superpotential eq. (1.3) through the higgsino content of N;. Tt also
obtains contributions from the singlino-higgsino mixings Ng3 and Nys combined with the
gaugino content of Nl, and from the singlino-gaugino mixing elements Ny; and Ny, combined
with the higgsino content of N;. The total coupling is given explicitly by eq. (A.2). The
Higgs will then decay according to h® — bb, WW*, 777, c¢, or gg, providing a visible
product displaced from the original interaction point producing the event.

The decay

N, — ZS (3.8)

relies both on singlino-higgsino mixings Ny3 and Ny and on the higgsino content of Nl,
and is therefore somewhat more suppressed in models with a bino-like NLSP. The relevant
coupling is given explicitly by eq. (A.6). The Z boson then decays with Standard Model
branching fractions to quark-antiquark and lepton-antilepton pairs.

When neither two-body decay is open, the neutralino NLSP will decay through off-shell

sleptons, squarks, the Z, and Higgs bosons. The full expressions for these decays are given
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in the Appendix. The most important contribution for a bino-like NLSP is typically through
sleptons, and therefore relies on the singlino-bino and singlino-wino mixing elements /Ny; and
Nyz. Fortunately, these are not greatly suppressed in many models unless |y is very large.

There remains the possibility of a two-body decay N, — 75 , which arises at the one-
loop level. However, using the results of [24] (with appropriate changes for the couplings
to correspond to the model under present consideration), I have verified that these decays
are always suppressed compared to the two- and three-body decays considered here, with
widths that cannot be much larger than a few times (1000 km)™' in the examples in the
next section with € = 1078, Since these decays are not competitive here, I will not present
results for them.

A separate possibility is that the NLSP is a stau, or that all three lighter, mostly-right-
handed, slepton mass eigenstates (71, fir, €r) have no open decays except to the singlino. In
that case, one can hope to observe 77 — 7S (and perhaps fir — ug and egp — eg). The
decaying slepton will appear in the detector as a muon-like charged particle track, or as a
track with an anomalously high ionization rate. The rare decay to the singlino will yield a
large-angle kink in the track leading either to a tau jet or an electron or muon. Since the
decaying particle is heavy, there will be a significant angle at the kink. The decay widths
are suppressed only by the singlino-gaugino mixing, so they can occur within the detector

often enough to measure, even if € is significantly less than 1078,

4 Representative results for decays to the singlino

In this section, I will consider some illustrative numerical results for decays to the singlino,
first for neutralino NLSP models and then for stau or slepton NLSP models. I will take

¢ = 1078, with the understanding that the results have to be scaled according to I' o €2.

4.1 Neutralino decays

In order to study the decay partial widths of a neutralino, I will employ the concept of
“model lines”, in which one supersymmetry-breaking parameter is allowed to vary, setting
the overall scale for all sparticle masses. First, consider a typical model scenario with a
bino-like NLSP and the LSP singlino mass fixed at mz = 50 GeV. The bino mass parameter
M; is varied, with the wino mass parameter M, and the p term then determined according
to My = 2.0My; p = 3.0M;. The 5 x 5 neutralino mass matrix is then fully determined by
also choosing fixed values of tan 3 = 3.0 and € = 1078, The right-handed slepton masses

~ and 110 GeV. This assures

mz. = m; = m;, are constrained to be the greater of 1.2mz
1

KR
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Figure 1: Visible decay widths of bino-like neutralinos N, into final states involving the
singlino, as a function of varying my for fixed mgz = 50 GeV and € = 10~%. The MSSM
model parameters are described in the text. The solid line is the total visible decay width.
The long dashed line is the partial width into ¢+¢~S where ¢ = e or u. The dot-dashed
line is the width into 7+7S. The short-dashed line includes ]]S where 5 is any u,d, s, c
(anti)-quark jet or gluon jet, and the dotted line is for bbS. The thin solid line is the width
for WW*S through an on-shell Higgs boson.

that a slepton cannot be the NLSP and should not be found at LEP. Mixing in the stau
sector is neglected. The left-handed slepton masses are determined by m%L = mf;R +0.5M2. 1
will assume that squarks are not light enough to give a significant contribution to the decay.
Finally, the lightest Higgs boson mass is assumed to be mpo = 120 GeV, safely out of the
reach of LEP, and to obey the decoupling limit & = §—7/2. The results for the partial decay
widths to visible states (excluding neutrinos), as found from the equations in the Appendix,
are shown in Figure 1 as a function of mg, -

For mg, S
of the virtual right-handed sleptons. The total inverse decay lengths are of order tens of

< 120 GeV in this model hne the decays are dominated by the contributions

kilometers, and are nearly democratic between e*e”, utu~ and 777 final states. The
“knee” near my = 92 GeV is merely an artifact of the constraint m;_, > 110 GeV; for smaller
neutralino masses, the virtual slepton is necessarily more off-shell due to the constraint that
it has not been discovered at LEP.
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For mg 2 120 GeV, the contributions from the virtual Z boson [the terms Wy, Wy,
and Wy, in eq. (A.12)] begin to be important. This increases the decay partial widths, with
contributions to ff that are roughly proportional to the Z branching fraction, so that dijet
final states dominate. For mg, > 142 GeV, the virtual Z boson is on-shell, and the decay
becomes two-body N; — Z°S. (The three-body formula is used in the vicinity of threshold,
however, in order to correctly include interference effects with the virtual slepton diagrams
in that regime.) This leads to a total visible decay width greater than (1000 meters) . For
negative u, the decay widths tend to be somewhat smaller.

Finally, for mg, > Mg+ mpo = 170 GeV in this model line, the decay N, — h0S opens
up and completely dominates. Since there is a direct higgsino-singlino-Higgs boson coupling,
this is much larger than the two-body decay to ZS, even though the Z boson is lighter. The
results are shown assuming Standard Model branching fractions for h° into final states bb,
WW*, 7t7~, and (lumped together into the “j;” category) c¢ and gg. Here the partial
decay width of N; to the bbS final state is found to be of order (10 meters)!. Of course, if
the h° mass is smaller, this mode will open up and dominate for smaller values of mg, -

In the era after supersymmetry is discovered, the situation will be rather different; we will
presumably know the MSSM sparticle mass spectrum, but the singlino mass and coupling
will be completely unknown. So, a more useful summary of the situation we could face
might be something like that shown in Figure 2. This is a particular point along the same
model line just discussed, with mg, = 150 GeV, and with the horizontal axis representing
the possible values of the singlino mass.

A somewhat different scenario ensues if the NLSP is a higgsino-like neutralino. To illus-
trate this, I choose a pair of model lines with ¢ = +0.8 M7, and all other parameter relation-
ships as described above for Figure 1. The results are shown in Figure 3, but now only for
the total visible decay width. Since N, has a smaller gaugino content, the decays through
virtual sleptons are highly suppressed. Conversely, the large higgsino component of N en-
hances the probability of decay through a virtual Z boson. So, for mg, < mg+mgz, =170
GeV in this model line, the f f decays will obey Z boson branching fractions. However, there
turns out to be an accidental suppression of the matrix element for ¢ < 0 in the convention
specified in eq. (3.1) (which is the same as in refs. [1, 2, 10]), particularly when the Z boson
is off-shell. For mg, > 170 GeV, the decay N, — h°S length is of order several meters if M
is mostly higgsino.

In the above analyses, I have assumed that H® and A° are very heavy, and that three-
body amplitudes involving them are negligible. Although this is appropriate throughout

most of parameter space, it is possible that for large tan 3, the couplings of H° and A° could
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Figure 2: As in Figure 1, but for fixed mg = 150 GeV, and varying S (LSP) mass.

0

10

-1

10

Decay width [meters ']

7
= +0.8M, ,/ )
————— p=-0.8M, | ]
|
J
-7 E
Ve
/
/
/
/ 4
/
/
/
/ 4
/
/
/
/ 4
< N\
Ve
N\ /
‘//‘1“‘1“‘\‘/““1““1““
75 100 125 150 175 200

N, mass [GeV]

Figure 3: Total visible decay widths of higgsino-like neutralinos N, into final states ffs,

as a function of varying m

) for fixed mz = 50 GeV. The model parameters satisfy the

constraints My = 2.0My, tan § = 3.0, and p = +0.8M; (solid line) or pp = —0.8M; (dashed
line), and other constraints described in the text.
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be large enough to make an appreciable contribution to I'(N; — bbS), even if H® and A°
are far off-shell.

Finally, I note that the decay widths discussed here depend on the phase of the parameter
€. This phase is not constrained by low-energy CP violating observables, and so might be
considered completely arbitrary. I have checked, using the formulas in the Appendix, that
varying Arg(e), while keeping all other parameters fixed, can change the N decay widths
by an order of magnitude or so. In models with a bino-like NLSP as in Figure 1, the largest

decay widths tend to occur for real e.

4.2 Slepton decays

It is also possible that the NLSP is a slepton 7; or, effectively, all three mainly right-handed
sleptons €g, fig and 7;. The latter scenario is realized if tan 8 is not too large, so that the
three sleptons are mass-degenerate to within less than m,. These possibilities are familiar
[25]-[31] in gauge-mediated supersymmetry breaking models [32] but could also be realized in
supergravity-mediated models if there is not a large universal contribution to scalar masses,
or if D-term contributions (proportional to some exotic U(1) quantum number) are large.

If 71 is the NLSP, then the two-body decays 71 — 7S are suppressed only by the bino-
singlino mixing. In Figure 4, I show the results for this decay width for a typical model
line with varying M; and fixed LSP mass mz. In order to ensure that a stau is the NLSP,
the constraint mz = 0.9mg, (thick lines) and 0.7mg (thin lines) are imposed. Other
relevant model line parameters are My = 2.0M;, p = 3.0M;, tanf = 3.0. To a good
approximation, the decay width depends only on the absolute value of s> in the stau mixing
parameterization of eq. (A.24), so results are shown for s= = 0, 0.25, and 0.5. The solid line
is also approximately true for &z — eS and fig — S as a function of m;, and my_, by
taking s~ =0, ¢z = 1.

Because there is relatively little suppression in this case, the inverse decay widths are of
order tens of meters. This is discernible at a collider which can produce several hundred
supersymmetric events. Each such event would contain a pair of quasi-stable stau or slepton
highly ionizing tracks, which can have an anomalously high dE/dz to distinguish them from
muons. In a small fraction of events, one of the stau or slepton tracks will have a kink leading
to a lepton or tau jet, corresponding to the decay. The resulting tau or lepton would have
a significant angle with respect to the original highly ionizing track, yielding a potentially

spectacular and nearly background-free signal.
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Figure 4: Decay widths for 7, — 7S as a function of varying mz, . The model parameters
satisfy mz = 80 GeV, and the constraints My = 2.0M;, p = 3.0M;, and tan 8 = 3.0. Solid
lines are for the unmixed case sy = 0, the dashed lines for sz = 0.25 and dash-dotted lines
for sz = 0.5. The thicker (thinner) lines are for mz, /mg = 0.9 (0.7).

5 Conclusions

The presence of the p term in the MSSM and the solution to the strong CP problem may have
a common explanation at an intermediate scale. Direct detection of the resulting axion is
quite problematic. In this paper, I have argued that these models may nevertheless give rise
to observable signals at colliders, through delayed decays to singlino fermions that include
the axino as a mixture. These events will be a rare (perhaps very rare) occurrence within a
large sample of supersymmetric events at the Large Hadron Collider or a future ete™ linear
collider. There is also a possibility that the lightest MSSM sparticle could have slow decays
into more than one singlino. Note that the LHC cross sections can be very large precisely
when the NLSP decay widths are small.

The numerical estimate in section 4 of this paper have used ¢ = 108 for the singlino-
higgsino-Higgs coupling parameter. Of course, the actual value could be significantly smaller.
On the other hand, I showed that in some models the couplings are parametrically enhanced,
and the mass of one or more singlinos is reduced, if one of the VEVs giving rise to the p term

is relatively small. Furthermore, the magnitude of € can be significantly larger if the high
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scale Mp is replaced by a somewhat lower scale that governs non-renormalizable operators,
for example a string scale or a compactification scale that is not far above the apparent
gauge coupling unification scale.

Future planning and analysis of collider physics experiments should take into account the
possibility that the apparent LSP is actually unstable. Besides the models I have discussed
here, there are at least two other plausible variations on the MSSM which can lead to delayed
rare decays of what might appear, at first, to be the stable LSP.

First, gauge-mediated supersymmetry-breaking (GMSB) models [32] with a supersymmetry-
breaking scale v/F that is not too large will give rise to decays that could have macroscopic
proper lengths [25]-[31]. It is interesting to compare the reason for this to that in the models
discussed in the present paper. In GMSB models, an estimate for a decay width of the NLSP
to the goldstino/gravitino G is ' ~ mj, /16w (v/F)*, while in the decays to a singlino/axino
LSP S, the estimate is T’ ~ m3, /167 f2. So NLSP decays are suppressed by the 4th power
of the supersymmetry-breaking scale in GMSB, but only by the square of the P(Q scale in
light axino/singlino models. GMSB models can, in fact, give rise to signals which might
be very difficult to distinguish from those discussed here. For example, if the NLSP is a
neutralino with a significant higgsino content, it can have [25, 33, 26, 34] decays N, — hOG
and N; — Z°G that look like the decays discussed in this paper. Or, if a stau is the NLSP,
it can appear quasi-stable with rare decays 7, — G occurring within the detector. Second,
one can have weak R-parity violating couplings [35] in the MSSM which could also give
decays like N, — (+0~vor Ny — qq'v. These signatures could mimic those discussed in the
present paper.

If these signals appear, it will be interesting to try to establish the correct explanation
from among the competing hypotheses. The prize for doing so will be that we will gain an
understanding of physics at scales far above those probed by direct sparticle production at

colliders.
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PHY-9970691.

Appendix: Complete formulas for neutralino decay widths
including the effects of arbitrary phases

In this appendix, I give formulas for the two- and three-body decays of a neutralino to

another neutralino and a Higgs boson, Z boson, or fermion-antifermion pair. The model is
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the extension of the MSSM with one singlet superfield as specified by eq. (1.3). This also
includes the MSSM and NMSSM as special cases. The results needed in Section 4 of this
paper are obtained by taking the neutralino mass eigenstate indices to be ¢ = 1 and 7 =0
in the following.

First, let us consider the two-body decay of a neutralino to another neutralino and the

lightest CP-even neutral Higgs boson. The relevant decay width is equal to:

LA R

—_~ _~ mz 0 0
T(N; — h°N;) = 16]:; M1, 72,720 (|G P(1+ 73 = 17) + 2Re[(G1))?]r; ) (A1)

where 7; = mg /mg ; o = mpo/mz ;5 Aa,b,¢) = a® +b* + ¢ — 2ab — 2ac — 2bc; and the
J T 13

neutralino-neutralino-Higgs coupling is given by

0 1 * * * * En * * * . .
Gy = i(gNiz — g'Njp)(salNj5 + caNjy) + E(CaNB — $alNig)Njo + (i <+ j).  (A.2)
Here ¢, and s, denote cos a and sin a with « the Higgs mixing angle in the notation of [10].
The results for the decays to the heavier neutral CP-even (H°) and CP-odd (A°) Higgs

bosons can be obtained by instead using the couplings:

0 1 * * * * €n * * * . .
Gﬁ = E(gNZ.2 _ g'Nil)(_CaNﬁ + 8aNjy) + E(SQNZ.3 +caNig)Njp + (i <+ j)  (A3)

for N; — HOJA\TJ]-, and

?

A0

* * * * . €U * * * . .
(9N — 9'Njy)(sgNjs — cgN7y) + ZE(CﬂNiS +5sNig)Njp+ (i <+ j)  (A4)
for N; — AOJAV/]-, and substituting mpo — mpgo or m4o in the obvious way. However, in the
numerical analyses of Section 4, H° and A° are assumed to be heavy and decoupled, so these
decays are neglected.

Similarly, the two-body decay of a neutralino to another neutralino and a Z boson has a

width given by

—~ ~ msz
I'(N; — Z°N;) = 161;1' A(L,r2, @)(|ij|2[1 +ri =2y + (1 —1)?/ry] + 6Re[(ij)2]rj) (A.5)

where 7z = mz/mz , and the neutralino-neutralino-Z coupling is given by

g(_

Z _

Finally we consider three-body decays N; — ff]A\T;, where f is any Standard Model quark
or lepton. Results for these decays have appeared in refs. [12, 36, 37], but here I include
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the effects of Higgs boson exchanges and arbitrary phases of the couplings . The differential

partial widths can be expressed in terms of the dimensionless mass ratios ry = my /mﬁ,

rj =mg /mg, rz =mz/mg, rr, =Lz/mg,, and ry = mg/mg, for each of ¢ = h%, A% and

HP°. T use dimensionless kinematic variables

5 = (o5, —v5,)" /0%,
t = (v, —ps)?/r%,
i = 1+r]+27—-5—1

with limits of integration

~

1 o ~ ~
fuinmax = 5[1+75 — 84207 F {(1—4r3/3) A(L, 8,7},
Smin = 4r7; Smax = (1 —15)%

The results for widths can be expressed asf

dr(N; = fIN;) = s Ne (SO ) dids,
where n, =1 (3) for leptons (quarks). The individual contributions to > W are:
4:(0/?: + b?:) Z12 ~ ~ 2 n n 2
We = Gogprgr UG [0 -a@ =)+ =i -

+2Re[(GF)?)r;s}

2 , o (L=B)(t—1?)
Wy = (a”a n'x bnbn*)(a?*a? + b0 ) = 27
2=, - 06E -
2
1 nin n* 7% n n* n'* s
W = 2Ren%:1(7"% —tA)(T% —’1),) [(a]b b —|—ay b] i b )( s _tU)
4(8 —r%) 2 zZ
Wg = R i n*—|—b b”*b" G (1—-t t—
7 (8 —r3)? +ryrp, enzz%[(afa NG =8l —ry)
1G] /2 — i)
qu = WZt(tA—>’a)
45 Re[GGY ]

WhO,HO =
s (=31 — 3

5 {(1 +r7— s)Re[G¢ G¢ |+ 23r]Re[Gf}Gf;]}

(A.13)

(A.14)

(A.15)

(A.16)

(A.17)
(A.18)

(A.19)

'In computing these results, I have neglected fermion masses arising from spinor algebra in matrix ele-

ments, but not in the kinematic limits of integration or the couplings.
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45 |GA°|2

0|2 A Apg\2
W o 7(rio—s) {1472 = 9)IGEI” + 25rRe(G1)]} (A.20)
Wa = = %5 o s RAGHIGH + G ) (421
o 10 40 =12 ( 8)(7"}“” —t)
W¢u = W¢t(t—>u). (A22)

Quantities appearing in the above results are as follows. First,

g
ap = _;(Ti’»f — qrsiy); by = —qrgsy /cw (A.23)

are the Z boson couplings to quarks and leptons with (T3f,q7) = (1/2,2/3) for up-type
quarks, (—1/2,—1/3) for down-type quarks, and (—1/2, —1) for charged leptons. Left-right

mixing and CP violation in the sfermion sector are parameterized by a unitary matrix, which

(%) - (—C.Js; if> (%) (A.24)

=1, and m3 7 < mg , The resulting couplings for down-type sfermions

I chooset to write as

where le7* + [s7?
(b, T) are:
af' = V2s7lgTar Ny + ¢'(a5 — Tap) Nl = g Nismy /v 2cmuy,
bt = ﬂc?g'quil + s}vgNigmf/ﬂ65mW
aof = —V2519TsyNjy + g'(a5 — To) Nit] — s59Nimy /v 2comw,
5{2 = ﬂS?QIQfNu — Cngz'z;mf/\@CﬁmW

for i =0,1,...4. For up-type fermions one must replaciNi(;)/c[i by Ni(f)/sﬁ in eqs. (A.25)-
(A.28). (However, for the cases of interest in this paper, Ny — ¢S is surely not kinematically

allowed, and decays N — vS are not interesting.) In the expressions for the contributions

to the widths, I have used the abbreviations a} = f" , etc. The various Higgs boson couplings
to Standard Model fermions are given by, e.g.:
X gMmpSq A0 gmyCq
2mycg’ t 2mw s’ ( )
GHO — gmbca . GHO — gmtsa . (A_ 30)
2mycg’ ¢ 2mw s’ '
.gmptan 3 40 .gmgcot 3
G = 2=, Gy =—1——— A.31
b t 2mW ) t t 2mW ) ( )

!This parameterization has the feature that in the typical unmixed, CP-conserving case cF = 1, 57 = 0,

ﬁ = fR and fz = fL, with no minus signs.
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for bottom and top quarks. The Higgs couplings for taus are obtained by m; — m.,, and for
other quarks and leptons by the obvious substitutions.

The two-body decay width for a stau to a neutralino or singlino is given by:
m;l

F(%1—>Tj{fl) = ﬁ

Yty ' T

AL 72, r2){ (o P + [ P)(1 =} = 72) — dr;riRela]6]"]} (A.32)

— v e _ - : T pT1 :
where now r; = mg. /mz and r. = m;/m5, and the couplings a;*, b;" are given already by

eqs. (A.25)-(A.28). In section 4, this formula is used with i = 0, corresponding to 7, — 7.5.
The results for ig — ug and € — eS are obtained by taking ¢z — 1 and sz — 0.

References

[1] H.E. Haber and G.L. Kane, Phys. Rept. 117, 75 (1985).

[2] S.P. Martin, “A Supersymmetry Primer,” hep-ph/9709356.

(3] R.D. Peccei and H.R. Quinn, Phys. Rev. Lett. 38, 1440 (1977).
[

4] J. Preskill, M.B. Wise and F. Wilczek, Phys. Lett. 120B, 127 (1983); L.F. Abbott and
P. Sikivie, Phys. Lett. 120B, 133 (1983); M. Dine and W. Fischler, Phys. Lett. 120B,
137 (1983); M.S. Turner, Phys. Rept. 197, 67 (1990); G.G. Raffelt, Phys. Rept. 198, 1
(1990).

[5] J. E. Kim, Phys. Rev. Lett. 43 (1979) 103; M. A. Shifman, A. I. Vainshtein and V. I. Za-
kharov, Nucl. Phys. B166 (1980) 493.

(6] M. Dine, W. Fischler and M. Srednicki, Phys. Lett. B104 (1981) 199; A. R. Zhitnitsky,
Sov. J. Nucl. Phys. 31 (1980) 260.

(7] J.E. Kim and H.P. Nilles, Phys. Lett. 138B, 150 (1984); Mod. Phys. Lett. A9, 3575
(1994).

(8] H. Murayama, H. Suzuki and T. Yanagida, Phys. Lett. B291, 418 (1992).

9] T. Goto and M. Yamaguchi, Phys. Lett. B276, 103 (1992); E. J. Chun, J. E. Kim and
H. P. Nilles, Phys. Lett. B287, 123 (1992); E. J. Chun and A. Lukas, Phys. Lett. B357,
43 (1995).

[10] J.F. Gunion and H.E. Haber, Nucl. Phys. B272 (1986) 1.

[11] U. Ellwanger, M. Rausch de Traubenberg, C.A. Savoy, Phys. Lett. B 315, 331 (1993),
S.A. Abel, S. Sarkar and I.B. Whittingham, Nucl. Phys. B392, 83 (1993); S.F. King
and P.L. White, Phys. Rev. D 52, 4183 (1995);

[12] F. Franke, H. Fraas and A. Bartl, Phys. Lett. B 336, 415 (1994); F. Franke and H. Fraas,
7. Phys. C72 (1996) 309.

23



13] U. Ellwanger, M. Rausch de Traubenberg, C. A. Savoy, Nucl. Phys. B492 (1997) 21.
14] U. Ellwanger and C. Hugonie, Eur. Phys. J. C5 (1998) 723.
15] U. Ellwanger and C. Hugonie, hep-ph/9812427.

16] H.P. Nilles, M. Srednicki and D. Wyler, Phys. Lett. B 120, 346 (1983); J. Ellis et al.,
Phys. Rev. D 39, 844 (1989).

[17] 1. Hinchliffe and F. E. Paige, Phys. Rev. D60 (1999) 095002.

[18] J. Hisano, K. Tobe and T. Yanagida, Phys. Rev. D55 (1997) 411.
[19] C. H. Chen and J. F. Gunion, Phys. Rev. D58, 075005 (1998).
[20] K. Maki and S. Orito, Phys. Rev. D57 (1998) 554.
[
[
[

[
[
[
[

21] S.P. Martin, Phys. Rev. D54, 2340 (1996); Phys. Rev. D61 (2000) 035004.
22] K. Choi, E. J. Chun and J. E. Kim, Phys. Lett. B403, 209 (1997).

23] G. Cleaver, M. Cvetic, J. R. Espinosa, L. Everett and P. Langacker, Phys. Rev. D57,
2701 (1998).

[24] H. E. Haber and D. Wyler, Nucl. Phys. B323 (1989) 267.

[25] S. Dimopoulos, M. Dine, S. Raby and S. Thomas, Phys. Rev. Lett. 76, 3494 (1996);
S. Dimopoulos, S. Thomas and J. D. Wells, Nucl. Phys. B488, 39 (1997).

[26] J. A. Bagger, K. Matchev, D. M. Pierce and R. Zhang, Phys. Rev. D55 3188 (1997).

[27] S. Ambrosanio, G. D. Kribs and S. P. Martin, Phys. Rev. D56, 1761 (1997). Nucl. Phys.
B516 (1998) 55.

[28] J. L. Feng and T. Moroi, Phys. Rev. D58, 035001 (1998).

[29] S. P. Martin and J. D. Wells, Phys. Rev. D59, 035008 (1999).

[30] B. Dutta, D. J. Muller and S. Nandi, Nucl. Phys. B544, 451 (1999).
[31] H. Baer, P. G. Mercadante, X. Tata and Y. Wang, hep-ph/0004001.
[

32] For reviews, see G. F. Giudice and R. Rattazzi, Phys. Rept. 322, 419 (1999), and
ref. [25].

[33] S. Ambrosanio et al, Phys. Rev. D54, 5395 (1996).

[34] K. T. Matchev and S. Thomas, hep-ph/9908482.

[35] See for example H. Dreiner, hep-ph/9707435; B. Allanach et al., hep-ph/9906224.
[36] A. Bartl, H. Fraas and W. Majerotto, Nucl. Phys. B278, 1 (1986).

[37] H. Baer, C. Chen, M. Drees, F. Paige and X. Tata, Phys. Rev. D58, 075008 (1998).

24



